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Introduction
The addition of an allylic organometallic compound to an imine or imine derivative is of great synthetic interest because a homoallyl amine is formed. Importantly, if the allylation is carried out in a stereoselective fashion, enantioenriched homoallylic amines would be produced. 1 These compounds are valuable building blocks, because along with the carbon stereogenic centre bonded to the nitrogen atom, the double bond of the allylic moiety can participate in a number of further synthetically useful transformations. 2 Although catalytic enantioselective allylations 3 using Lewis acids or bases as chiral inductors are the ideal method of choice for performing these transformations, more efficient and practical protocols have been developed when the stereoselective allylations are carried out with stoichiometric amounts of chiral reagents, 4 such as imines bearing a chiral auxiliary. In this context, it is worth mentioning that N-tert-butanesulfinyl derivatives 5 have found high applicability in synthesis as electrophiles because both enantiomers are accessible in large-scale processes 6 and because the chiral auxiliary is easily removed under acidic conditions. In addition, practical processes for recycling the tert-butanesulfinyl group upon deprotection of N-tert-butanesulfinyl amines have also been reported. 7 Regarding With regards to this, we have described the stereoselective allylation of N-tertbutanesulfinyl aldimines 8 and ketimines 9 with allylindium species and the first one-pot α-aminoallylation of aldehydes with chiral tert-butanesulfinamide, allyl bromides, and indium, which provides homoallylic amines with high chemo-and stereoselectivity. 10 Continuing our interest in this topic, we herein report our first approach to the indium-mediated addition of allylic bromides to N-tert-butanesulfinyl imines derived from α-ketoesters and alkyl glyoxylate esters. These imines are precursors of α-amino esters upon reaction with nucleophiles: The addition of arylboronic acids, 11 trimethylsilane pronucleophiles, 12 organozinc 13 and organomagnesium compounds 14 to these imines has been already reported, the diastereoselective reduction of N-tert-butanesulfinyl imines derived from α-ketoesters leading to α-amino acid derivatives being also known. 15 To the best of our knowledge, the first example of allylindium intermediate additions to the N-tertbutanesulfinyl imine derived from ethyl glyoxylate has been was provided by Grigg and co-workers in their study of three-____________________________________ M A N U S C R I P T
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3 component palladium-indium-mediated diastereoselective cascade allylation using allenes and aryl iodides as precursors of the allylindium intermediate (Scheme 1) . 16 More recently, the indium-mediated allylation of the same imino ester with allylic bromides was also performed in a saturated sodium bromide aqueous solution to give the expected α-amino ester derivatives in a highly diastereoselective manner (Scheme 1). 
Results and discussion
Starting sulfinyl imino esters 3 were prepared according to the standard procedures described in the literature by reaction of commercially available (S)-tert-butanesulfinamide 1 with aldehydes 2a,b or ketones 2c-e. Thus, direct condensation of methyl (2a) or ethyl glyoxylate (2b) and (S)-tert-butanesulfinamide (1) , in the presence of CuSO 4 in dichloromethane led to iminoesters 3a and 3b, respectively (Scheme 2). 18 Methyl glyoxylate (2a) was prepared in situ by oxidative cleavage of (+)-dimethyl L-tartrate and used in the condensation step without further purification, yielding methyl iminoester 3a in a moderate overall 30% yield. On the other hand, ethyl imino ester 3b was prepared in high yield from freshly distilled ethyl glyoxylate (2b) from a commercially available 50% toluene solution. Compound 3b was also accessible in almost quantitative yield when the condensation is was performed in the presence of 10 mol% of pyrrolidine and 4Å MS. 19 The previously commented mentioned reaction conditions for the formation of aldimines 3a and 3b failed to provide condensation products when ketoesters 2c-e were used as the reactant. Fortunately, the use of 2 equivalents of Ti(OEt) 4 in THF at 60 ºC provided relatively high yields of imino esters 3c-e (Scheme 2). The configuration of the C=N bond of imines 3 is very important in order to the study of the diastereoselective addition of allylic nucleophiles to the imine group. This matter has not been commented on in detail in previous publications. We assumed that aldimines 3a and 3b exhibit E-configuration, and ketimines 3d and 3e Z-configuration, according to their NMR spectra. However, the imine 3c derived from ethyl pyruvate (2c) was isolated as a 6:4 mixture of E:Z diastereoisomers which could not be separated by column chromatography. The 1 H-NMR chemical shift for the t-Bu group of the minor diastereoisomer is 1.25 ppm (1.31 ppm for the major diastereoisomer with E configuration) and is coincident with the t-Bu group of 3d which exhibited an exclusively Z configuration.
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Scheme 2. Synthesis of N-tert-butanesulfinyl iminoesters 3
The reaction of N-tert-butanesulfinyl imino ester 3a derived from methyl glyoxylate (2a) with allyl bromide (4a, 3 equiv), in the presence of indium metal (1.5 equiv), in THF for 6 hours at room temperature (Method A), led to the formation of the homoallyl amino ester derivative 5aa as a single diastereoisomer (Table 1 , entry 1). Those are typical reaction conditions developed in our group for the allylation of N-tert-butanesulfinyl imines. 8, 9 Under the same reaction conditions, the ethyl imino ester 3b gave compound 5ba in 61% yield (Table  1 , entry 4) and, when methallyl bromide (4b) was used as the allylating reagent of for 3b, compound 5bd was obtained in 82% yield (Table 1, entry 5) . Crotylation of 3a is a more challenging process, because of the regiochemistry of the addition at the most substituted γ-position of the crotyl indium intermediate took place through a six-membered cyclic transition state, leading to an almost 2:1 mixture of syn an anti-diastereoisomers 5ac (Table 1, entry 2) . Unfortunately, allylation of 3a and 3b with ethyl 2-bromomethylacrylate (4d) did not proceed in THF at room temperature (Method A) or at higher temperatures. Based on our previous experience with this allylating reagent (4d), 20 we found that total conversion occurred when the reaction was carried out in a saturated aqueous solution of sodium bromide in the presence of 4 equiv of indium at room temperature for 48 hours (Method B), leading to amino diester derivatives 5ad and 5bd in excellent yields (Table 1 , entries 3 and 6). Those were the reaction conditions developed by Xu and Lin, 17a and applied previously to the allylation of imino ester 3b by both the groups of Xu and Lin, and Babu.
17b A major draw-back of this methodology is the use of a large excess of indium (4 equiv instead of 1.5 equiv as in Method A) which is the most expensive component of the reaction mixture. Regarding the configuration of the newly created stereogenic centres, it 5ba was assigned after comparison of the NMR spectra of 5bd with those reported in literature for the same compound 17b and its enantiomer. 17a The latest ent-5ba one was unambiguously characterized after transformation into the known compound D-allylglycine.
Thus, we assumed that the indium mediated allylation proceeded through the same stereochemical pathway in imines 3a and 3b, with (E,S S ) configuration, taking always place the addition of the allyl moiety taking always place to at the Si face of these systems ( Table  1) . The allylation of ketimines 3c-e did not take place with allylic bromides 4a-c in the presence of 1.5 equiv of indium in THF at room temperature (Method A). However, it proceeded effectively to yield the expected allylated products at a higher temperature (Method C). The indium-mediated allylation of ketimine 3c, derived from ethyl pyruvate (2c) (isolated as a 6:4 mixture of E:Z stereoisomers) was performed either in a saturated aqueous solution of sodium bromide at room temperature (Method B) or in THF at 60 ºC (Method C), to give a mixture of diastereoisomers 5ca and 5ca' 5ca', in 75 and 62% yield, respectively (Table 2, entries 1 and 2). Importantly, there is a correlation between the E:Z isomeric ratio of the starting ketimines 3c (6:4) and the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT diastereomeric mixture of the reaction products (58:42, and 60:40) . It indicates that the allylation is stereospecific. The same correlation was observed in the reaction of 3c with methallyl bromide (4b) and ethylbomomethylacrylate (4d) ( Table 2 , entries 3 and 5). Taking into account the stereochemical outcome for aldimines 3a and 3b (Table 1) , which exhibit exclusively E configuration, we postulate that the allylation would proceed also through the Si-face on the (E,S S ) major isomer of the imine 3c, leading to the major diastereoisomers 5ca-cd with S configuration at the 2-position ( Table 2 , entries 1-3 and 4). On the other hand, a complex mixture of 4 diastereoisomers was obtained with crotyl bromide (4c). In this case, along with the stereospecific face selectivity, a second stereogenic centre is formed with low stereocontrol, leading in addition to syn:anti isomers ( Table 2 , entry 4). Differently In contrast, ketimines 3d and 3e were isolated as single Z geometrical isomers, and we expected that the allylation with allyl bromide (4a) would proceed with total face diastereoselectivity. That was the case for the isopropyl derivative 3d ( Table 2 , entry 6). Surprisingly, the ethyl phenylglyoxylate derivative 3e led to an almost 2:1 mixture of diastereoisomers 5ea and 5ea' 5ea' when it was M A N U S C R I P T
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6 submitted to the same reaction conditions ( Table 2 , entry 8). Finally, we found the highest yields in the allylation of 3d and 3e with ethyl 2-bromomethylacrylate (4d) when the process was carried out under solvent 
Diastereomeric ratios are given in parenthesis and were determined after 1 H-NMR analysis of the reaction crude.
free reaction conditions at room temperature (Method D), to give the expected amino diesters 5dd and 5ed, respectively, as single diastereoisomers (Table 2 , entries 7 and 9), the. The allylation in the a saturated aqueous solution of sodium bromide (Method B) being was far less effective for these transformations.
We have observed that these indium-promoted allylations are diastereospecific and the stereochemical pathways is are governed by the configuration of both the sulfur atom of the sulfinyl group and the configuration of the C=N double bond. For that reason, two different transition states have been proposed in order to rationalize the observed diastereoselectivities, depending on the configuration of the C=N double bond, since all the sulfinyl imines exhibit S S configuration. Thus, for imines 3a, 3b and the major isomer of 3c with (E,S S ) configuration, the allylation would proceed through a six-membered Zimmerman-Traxler like ring model I, with an attached five-membered metallacycle, in which indium is chelated both by the ester carbonyl oxygen and the nitrogen atoms of the imine moiety, which locates the tert-butanesulfinyl and the ester groups axially. For these imines, the addition of the allyl moiety takes place to at the less hindered Si face ( Figure 1 ). The rest of the imines (minor isomer of 3c, 3d and 3e) exhibit (E,S S ) configuration, and allylation should take place through a necessarily different pathway, because of the opposite stereochemical outcome (a total correlation was observed between the E:Z isomeric ratio of starting ketimines 3c, and the diastereomeric mixture of reaction products 5ca-cd). The nucleophilic addition to the Re-face of imines with (Z,S S ) configuration could be explained by considering a six-membered chair-like transition state II, with where the indium is coordinated by the nitrogen atom of the imine, and the tert-butanesulfinyl group and R 1 are located at axial positions. In the proposed I and II models, we also consider that the imine and sulfinyl units adopt the most stable s-cis conformation 21 ( Figure 1 ).
Figure 1. Proposed stereochemical models for the diastereoselective allylation of N-tert-butanesulfinyl iminoesters 3
Amino diesters 5dd and 5ed, derived from the allylation of imino esters 3d and 3e, respectively, with ethyl bromomethylacrylate (4d), can be easily transformed into α-methylene-γ-butyrolactams 6d and 6e in a one-pot, two-step process. First, the tert-butanesulfinyl unit was removed under acidic conditions to produce the ammonium salt, and after that, the treatment with sodium ethoxide promoted the intramolecular cyclization of the free amine. These reactions were carried out in ethanol as solvent in order to avoid the formation of mixtures of esters by transesterification (Scheme 3). Compounds 5 are of interest not only because they can be transformed into the corresponding α-amino acid derivatives, some of them with the nitrogen bonded to a quaternary stereocentre, but also because the allylic moiety in compounds can participate in a number of further synthetically useful transformations, such as cross-metathesis, epoxidation, oxidative cleavage, Heck type reaction, cycloaddition, hydroboration, hydroformylation, hydrogenation, hydration, ozonolysis, etc. 2 In
addition, the α,β-unsaturated lactam moiety in compounds 6 allows further structural modifications by reaction with nucleophiles and electrophiles, leading to more complex molecules ( Figure 2 ).
Scheme 3.
Synthesis of α-methylene-γ-butyrolactams 6 from amino diesters 5dd and 5ed Figure 2 . Potential applications as synthetic intermediates of compounds 5 and 6
Conclusions
From the results shown here we conclude that the indium-mediated allylation of N-tert-butanesulfinyl imines derived from α-keto esters takes place with high diastereoselectivity. Interestingly, the configuration of the newly created stereogenic centre is determined by the configuration of both the sufur atom of the tertbutanesulfinyl unit and the C=N double bond of the imine. Enantioenriched homoallylic α-amino esters can be prepared following this methodology, these compounds being synthetic intermediates of wide applicability.
Experimental
General
(R S )-tert-Butanesulfinamide was a gift of Medalchemy (> 99% ee by chiral HPLC on a Chiracel AS column, 90:10 n-hexane/i-PrOH, 1.2 mL/min, λ=222 nm). TLC was performed on silica gel 60 F 254 , using aluminum plates and visualized with phosphomolybdic acid (PMA) stain. Flash chromatography was carried out on handpacked columns of silica gel 60 (230-400 mesh). Melting points are uncorrected. Optical rotations were measured using a Jasco P-1030 polarimeter with a thermally jacketted 5 cm cell at approximately 23 ºC and concentrations (c) are given in g/100 mL. Infrared analyses were performed with an ATR Jasco FT/IR-4100 spectrophotometer equipped with an ATR component; wave numbers are given in cm -1 . Low-resolution mass spectra (EI) were obtained with an Agilent GC/MS5973N spectrometer at 70 eV; and fragment ions in m/z with relative intensities (%) in parentheses. High-resolution mass spectra (HRMS) were also carried out in the electron impact mode (EI) at 70 eV and and on an apparatus a Finnigan MAT95S spectrometer equipped with a time of flight (TOF) analyzer and the samples were ionized by ESI techniques and introduced through an ultrahigh pressure liquid chromatography (UPLC) model. 1 H NMR spectra were recorded at 300 or 400 MHz for 1 H NMR and 75 or 100 MHz for 13 C NMR with a Bruker AV300 Oxford or a Bruker AV400 spectrometers, respectively, using CDCl 3 as the solvent and TMS as internal standard (0.00 ppm). The data is being reported as: s = singlet, d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet or unresolved, br s = broad signal, coupling constant(s) in Hz, integration.
13 C NMR spectra were recorded with 1 H-decoupling at 100 MHz M A N U S C R I P T
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9 and referenced to CDCl 3 at 77.16 ppm. DEPT-135 experiments were performed to assign CH, CH 2 and CH 3 . All reactions requiring anhydrous conditions were performed in oven dried glassware under argon. Otherwise indicated, all commercially available chemicals were purchased from Acros or Sigma-Aldrich and used without purification.
Preparation of (S S ,E)-methyl 2-[(tert-butanesulfinyl)imino]acetate (3a)
To a (+)-dimethyl L-tartrate (0.890 g, 5.0 mmol) solution in diethyl ether (10 mL) was slowly added periodic acid (1.254 g, 5.5 mmol). The reaction mixture is stirred at room temperature for 2 h and after that, the solid was filtered off and washed with ethyl acetate (3×10 mL). The organic layer was dried over anhydrous magnesium sulfate for 30 min, and after filtration, the solvent was evaporated (15 Torr) to give methyl glyoxylate (2a) as a colourless oil (0.720 g), which was used in the next step without further purification. 16 To a solution of the freshly distilled from a 50% solution in toluene of ethyl glyoxylate (2b, 0.510 g, 5.0 mmol), and (S S )-tert-butanesulfinamide (1, 0.665 g, 5.5 mmol) in dry dichloromethane (15 mL) under argon was added anhydrous copper(II) sulfate (1.760 g, 11.0 mmol) and the reaction mixture was stirred at room temperature for 24 h. The solid was filtered off, washed with ethyl acetate (3×10 mL) and the organic layer was evaporated (15 Torr). The resulting residue was purified by column chromatography (silica gel, hexane/ethyl acetate, 6/1) to yield pure (E,S S )-ethyl 2-[(tert-butanesulfinyl)imino]acetate (3b) as a colourless oil (0.953 g, 93%). (12) , 117 (7), 89 (10), 73 (10), 57 (100).
Preparation of (E,S S )-ethyl 2-[(tert-butanesulfinyl)imino]acetate (3b)
General procedure for the preparation of ketimines 3c-e
To a solution of the corresponding ketoester 2c-d (5.5 mmol) in dry THF (15 mL) was added (S S )-tertbutanesulfinamide (1, 0.605 g, 5.0 mmol) and titanium tetraethoxide (2.280 g, 2.095 mL, 10.0 mmol). The resulting mixture was stirred at 60 ºC for 6 h, and after that quenched with brine (4.0 mL), and diluted with ethyl acetate (3×10 mL). The resulting suspension was filtered through a short path plug of Celite ® and concentrated (15 Torr). The residue was purified by column chromatography (hexane/ethyl acetate) to yield pure compounds 3c-e. Yields for these compounds 3 are given on Scheme 2. Physical and spectroscopic data follow.
(S S )-Ethyl 2-[(tert-butanesulfinyl)imino]propanoate (3c):
15a ( 
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(Z,S S )-Ethyl 2-[(tert-butanesulfinyl)imino]-3-methylbutanoate (3d):
(Z,S S )-Ethyl 2-[(tert-butanesulfinyl
General procedure for the allylation of imines 3 in THF at 23 ºC (Method A)
To a solution of the corresponding imine 3 (0.5 mmol) in THF (2 mL) was added the corresponding allylic bromide 4 (1.5 mmol) and indium (0.086 g, 0.75 mmol). The resulting suspension was stirred at 23 ºC for 6 h and after that quenched with brine (4.0 mL), extracted with ethyl acetate (3×10 mL) and the organic layer was dried over anhydrous magnesium sulfate and evaporated (15 Torr). The resulting residue was then purified by column chromatography (silica gel, hexane/ethyl acetate) to yield pure compounds 5. Yields for these compounds 5 are given on Table 1 . Physical and spectroscopic data follow. 
(2S,S S )-Methyl 2-[N-(tert-butanesulfinyl)amino]pent-4-enoate (5aa):
(2S,S S )-Methyl 2-[N-(tert-butanesulfinyl)amino]-3-methylpent-4-enoate (5ac)
:
(2S,S S )-Ethyl 2-[N-(tert-butanesulfinyl)amino]pent-4-enoate (5ba):
(2S,S S )-Ethyl 2-[N-(tert-butanesulfinyl)amino]-4-methylpent-4-enoate (5bb):
17b yellow oil; R f = 0.22 (hexane/AcOEt 2:1); [α] 
General procedure for the allylation of imines 3 in H 2 O at 23 ºC (Method B)
To a suspension of the corresponding imine 3 (0.5 mmol) in a saturated sodium bromide aqueous solution (5 mL) was added the corresponding allylic bromide 4 (1.5 mmol) and indium (0.232 g, 2.0 mmol). The resulting reaction mixture was stirred at 23 ºC for 48 h and after that, extracted with ethyl acetate (3×10 mL) and the organic layer was dried over anhydrous magnesium sulfate and evaporated (15 Torr). The resulting residue was then purified by column chromatography (silica gel, hexane/ethyl acetate) to yield pure compounds 5. Yields are given on Tables 1 and 2 . Physical and spectroscopic data follow. (2S,S S )-5Ethyl 1-methyl 2-[N-(tert-butanesulfinyl) 14.0, 22.5, 22.6, 24.1 (CH 3 ), 42.6 (CH 2 ), 55.3, 57.4 (C), 61.2, 61.7, 130.3 (CH 2 ) 135.3, 167.4, 172.9 (C) ; LRMS (EI) m/z 277 (M + -56, 2%), 227 M A N U S C R I P T 12 (12), 204 (87), 186 (20), 163 (95), 140 (27), 114 (41), 87 (50) 
4.6.1.
(2S,S S )-Diethyl 2-[N-(tert-butanesulfinyl)amino]-4-methylenepentanedioate (5bd)
(2R,S S )-Ethyl 2-[N-(tert-butanesulfinyl)amino]-2-methylpent-4-enoate (5ca'):
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General procedure for the allylation of imines 3 in THF at 60 ºC (Method C)
To a solution of the corresponding imine 3 (0.5 mmol) in THF (2 mL) was added the corresponding allylic bromide 4 (1.5 mmol) and indium (0.086 g, 0.75 mmol). The resulting suspension was stirred at 60 ºC for 6 h and after that, the reaction mixture was cooled down, quenched with brine (4.0 mL), extracted with ethyl acetate (3×10 mL) and the organic layer was dried over anhydrous magnesium sulpfate and evaporated (15 Torr). The resulting residue was then purified by column chromatography (silica gel, hexane/ethyl acetate) to yield pure compounds 5. Yields are given on Table 2 . Physical and spectroscopic data follow.
(2S,S S )-Ethyl 2-[N-(tert-butanesulfinyl)amino]-2,4-dimethylpent-4-enoate (5cb):
(major diastereoisomer) yellow oil; R f = 0.40 (hexane/ m, CH=CH 2 ), m, CH=CH 2 ); δ C 14.2, 16.7, 17.8, 22.6 (CH 3 
General procedure for the allylation of imines 3 under solvent free reaction conditions (Method D)
A mixture of the corresponding imine 3 (0.5 mmol), ethyl bromomethylacrylate (4d, 0.290 g, 0.210 mL, 1.5 mmol) and indium (0.116 g, 1.0 mmol) was stirred at 23 ºC for 6 h. After that, the reaction mixture was quenched with water (50 mL), extracted with ethyl acetate (3×10 mL) and the organic layer was dried over anhydrous magnesium sulfate and evaporated (15 Torr). The resulting residue was then purified by column chromatography (silica gel, hexane/ethyl acetate) to yield pure compounds 5. Yields are given on Table 2 . Physical and spectroscopic data follow. 
(2S,S S )-Diethyl 2-[N-(tert-butanesulfinyl)amino]-2-isopropyl
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